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The Local Structure of High-Temperature Superconductors

José MUSTRE DE LEON, Steven D. CONRADSON, Alan R. BISHOP, and lan D. RAISTRICK
Los Alamos Natonal Laboratory, Los Aiamos, New Mexico 87545, USA

We show how XAFS has been successtully used in the detennination of the local crystal structure of
high-temperature superconductors, with advantages over traditional diffraction techniques. We review the
experimental cesults that yielded the first evidence for an axial-oxygen-centered lattice instbility connected
with the superconductivity transition. The interpretation of this instability in wrms of a dynamical tunneling
model suggests the presence of polarons in these materials. XAFS on T1,Ba,CuQg and other Tl-based
superconductors indicate the presence of local instabilities in the Cu(2 planes of these materials, in additior

to axial-oxygen instabilities.

1. Introduction

Six years after the discovery of high-temp<s . = super-
conductivity the microscopic origin of the paisr g mecha-
nism is stll not clear. However, several experi. wents have
shown evidence tor strong coupling between the lattice and
the electrons that take part in the superconductivit 7, suggest-
ing the importance of the electron-phonon .nteraction in ad-
dition to the electron-electron interaction in understanding
the ongin of high-temperature superconductivity, This
strong intcraction does not produce noticeable changes in
the average crystalline structure (probed by diffraction).
However, it gives rise to changes in the local crystalline
structure in the vicinity of the superconducting trausition.
Such changes have been studied, indirectly, by optical spec-
troscopy, through the temperature dependence of the rele-
vint local vibrational modes.! The local structure has also
been probed directly using local technigques such as: ion-
channeling,? pair distribution function analysis of neutron
scattering, Y Mossbauer spectroscopy and XAFS %

Among these local probes, XAFS provides a direct mea-
surcment of pair radial distribution functions, it being able
to resolve details on a scale given by AR=x1/kmax, where kmas,
is the maximum value of the photoelectron momentum
probed in the experiment. We note that the equivalent vari-
able to the photoelectron momentum in pair-distribution
tunction (PDF) analysis of neutron scuttering s the momen-
tum transfer ¢ =2k Consequently, o achicve the sime reso-
lution in restl snace in a neutron scattering experiment as that
achieved in XAUVS it is nccessary to use a valne of ¢ twice
that of kmae. In addition, conventional Rietveld refinements
of diffraction data, used to detenmine crystalling structure,
assume a particular symmetry group. While the average
structure s consistent with the assumed symmetry group,
locally such symmetry might be broken. In contrast, in
XAI'S the determunation ot the pair distnibution function
does not i sume a particular symmetry.® This limitation
made 1t impossible to observe the double-well axial-oxvgen
athce instability determined by XAESY using conventonal
neutron and x-ray diffrction.

o wection 2 we review the XAES formutation expressed
in terms of pair radiai distribetion tunctions (RDEs), deter-
nmined from mexdel pair potentials. We also discuss the ad-
vantage of XAES over PDE analysis of neutron scattenng

data in disceming details of the RDE. In section 3 we sum-
marize the main results regarding the RDF for the Cu-axtal
oxygen pairs in YBa,Cuq(;5 and T1Ba,CaCuOy.In sec-
1on 4 we present the results of a Peierls-Hubbard model,
which shows an underlying polaronic ongin for the double-
peaked Cy-axial oxygen RDF. In section 5§ we show results
supporting the existence of a multisite RDF for the Cu-O
bonds in the Cu(; planes of T1;Ba,CuQs. We present the
conclusions of this paper in section 6.

2. Pair radial distribution functions and XAFS

We have nresented a general discussion of the relation
between XAFES and the RDF clsewhere,” here we give a
summary of the method.

For a many body systemn we compute the XAES at hnile
temperature by forming the statisti—al average:

<x>="Trlpxl. (n

Here, p denotes the density matix associated with the many
hody Hamiltonian, H({q,).(p,}), which involves the coordi-
nates, (g}, and momenta, {p,}, of all the ions in the sysiem.
For simplicity, we assume that y is given by the K -edge sin-
ple scattering XAFS fornula for unpolarized x-tys incrdent
on a polycrystalline sample:

xik.r)y= -tm| Bk, r)

CXH2ukr e 10ik, ) ) o)
ke’ ' '

where, 7 is the bond vector between the absothing and s
tening atoms. The photoelectron wavenumber, &, iy refer
cnced 10 an achitrary energy reterence, F, Bk r) o the
(complex) scattering factor assockited with both the
tackscattering process and the presence of the absothing
atom potental M

In the single particle approximation this average cin be
expressed intenns of a RODE, g(0),

A X Id.:w('.),((k.r(:)) ‘ (1)
The RDE represents the probability distisbution of finding o

piven atomic pair separted by a distance 7 1t one assumes
that the physical ongin ot this distibution s solely due



the themmal motion of the atoms, then g2} 18 iven i erms
cf the single-particle wave tunctions, { ¥(2)}, where - de-
notes the relative displacement along the bond directon;

IWi(2)lde P
()= -Z'—ETE?I—— . 4

Here, €, denotes the ™ eigenvalue of the single particle
Hamiltonian, and the temperature of the system enters
through B=1/ksT. We determine the wave functions by solv-
ing the Schrodinger equation using the reduced mass, m, for
the atomic pair of interest, and a model potential V{(z), char-
acterized by parameters determined by fitting to experimen-
tal data. Since the variation of the XAFS phase and ampli-
tude funcuons is small in the region of interest of the 10nic
motinn, one can use XAFS amplitudes and phases derived
from reference systems,®

Egs. 3 and 4 represent the average of 7 for the general
case of a quantum mechanical system at finite lemperature.
(iriven this average, -ve perform a nonlinedr least-squares fit
between <> and experimental data in the k region of inter-
¢st, using, as param ‘ers to he determined, the average bond
length, R, and the parameters entering in the definition of
V(z). The number of atoms, ¥, is held fixed at the value de-
termined by crystallography.

We rote that the parameterization of g(2) provides a nat-
ural way to study non-gaussian static disorder. In this case,
one can still use Eq. 3, with g(z) characterized in terms of
parameters determined by fitting Eq. 3 to experimental data.

As shown by Eq. 3 XAFS provides a direct measurement
of the RDF for a given pair of atoms. More precisely, the in-
tegral in Eq. 3 shows that <> is a convolution of the RDF
and the scattering facto,s entering in Eq. 2. Consequeantly,
any errors in the estimatiou of these factors will result will
result in corresponding errors and ambiguities in the deter-
mination of g(z).

air distribution function (PDE) analysis ¢ f neutron (or
x-ray) diftraction data also probes the RDFEF of a given pair
of atoms. However, this echnique is commenly used in un-
ortented powder samples, icading to a PDF which coasists
of an average of the RDE's for all different pairs and over
all angles, convoluted with the neutron scattering factor for
cach different atom. In this sense XALES on oriented samples
provides a more direct probe of the RDFE for a given pair, as
long as multiple scattering is not significant. Consequently,
for determination of local structure over the scale R <4 A,
XAFS is 4 more sensitive technigue than PDE, while for de-
termination of local structure over the range 4 < K < 40 A
PDE analysis is more sensitive than XAFS. 49

3. The Cu-uxial oxygen rudial distribution function

Polarized XALEFS incasurcements separate the Cu axial
axygen (OH)) contributions from those ansing trom Cu-
cquatonal oxygen sonds. This s particufarly unportant in
Y Ba w0y, where the Cu{ D -OX4) boad leagth is sumibir to
the Cu-equatorial oxygen distances. Recause of these over
Laps, the analysts of unpolarized data can yield to ambign
ties in guantitative analysis of the Co(1}O(4) RDIE 1

We analyzed the Cu-0(4) contnbutions to the pobarized
(o) Cu K edpe XAES for temperitures HOK © e OV K
Qualitanvely, the change of the local structure can be ob
served i the Fourier transform of the data, where the Ca
(O04) contnbutions show a single-peakeq structure tor 81
amd 86 K and 4 double peaked structuse tor oter tempera

tares. ? The ditference in the spectia at ditferent empera-
tures is more explicit in the solated Cu-O(4) contribution
(obtained by back transforminyg over the region 1.1 < R <
2.0 A), where the presence of a beat around & = 12 A Psig-
nals two Cu{1)-O(4) distances. This beat disappears tor
temperatures near the superconducting transition empera-
ture T The contribution from the softer Cu(2)-0}4) bond is
negligible in the beat region.”

Quantitative information about the Cu-({4) RDF was
extracted by nonlinear least-squares fitting over the range
3 <k < 14 A, on Fourier-filtered data measured at T = 10,
83, 86, 88, 95, and 105 K. We included both Cu(D)-04) and
Cu(2)-O(4) contributions and assumed a double-well
parabolic potenual of the fonn;

M e =) - -

V(:)={ (af =) 280 (5

(b/?—)(: it ::)b L2 20

where a, b, ;. 7y are determined by the tit. The RDE result-
ing from the fits is shown in Fig. 1.

We found that g(z) exhibits two peaks separated by
0.13 A for temperatures I'= 10K, and T > 86 K, with a de-
crease in the separation of ~ 0.2 A inside a fluctuation re-
gion around T.. We note that the aclual lemperitures of the
sample are 5-10 K higher than those quoted here. ‘This
change in g(z) is the result of a change in the potental V(z)
as shown in Fig. 1. The motion of the (}4) atom in the
deep-double-well potential, V(z), can be described by a two-
level system, with a symmetric ground state and an anu-
symmetric tirst excited state, separated by an energy hoy =
£y~ €5, where wr is the tunneling (requency between the two
well minima. The change in g(:) can be conveniently
charactenized by the change in wp as shown in g, 2. We
have cxplained this behavior by assuming a coupling
between the proposed two-level system and  the
superconducting order parameter (including tluctwiations).”’
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Ve also studied the Cu-(O(4) contributions to the polar-
ized (¢ lle) Cu K-edge XAIS in YDBnCuyQ),s,
Y Ba;(ua yCog 3,04, at 10K, using a nonlincar least-squares
fit as descnbed above. [n this case we found a systenuitic de-
crease of the tunneling frequency wr as a tunction of T D
We interpreted this trend as an indication that the motion of
the ((4) atom becomes more harmonic with decreasing T,
Besides the YBCO system, we have studied T1-based mate-
rials. We analyzed unpolarized Cu-K edge XAFS daaa from
1Ba,CayCuy Oy, i this material the absence of a short Cu-
axial oxygen bond allowed us to sepanate the Cu-axial oxy-
gen contributions from the Cu-equatorial oxygen contribn-
tions, making it possible w use XAFS data from unoriented
powders 10 study the Cu-axial oxygen RDF, In this case it
wils not possible to use the formalism based on a potentiad
as descnbed above (due o the inapplicability of the Linstein
formalisin for the long Cu-O bond). Nonlinear least-squase
[its using gaussian peaks show (wo Cu-axial oxygen posi-
tions separated by 0.17 A, with the separation decreasing 1o
less than 0.10 A within a fluctuation region around 7,3
This finding is consistent with the observation of a split
axial oxygen position in T1.Ba,CaCCu, 04 by PDF anadysis of
neutron nelastic scatlering, supporting the dvaamical
interpretation of the XAFS results in terms of a pair-
potential. The finding of a split axial-oxygen position in 11
based materials suggests that this might be a general
characteristic of high-temperature superconductors. Re-
cently, Bianconi et al. bave found evidence for a split axial
oxygen position in Bi-based materials,' which they have
connected with the motion of holes in this atom.
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e 2 Tunnehing leyuency, oy between the two (1) tes, as
A tunchon o temperature in YBaCu 0,

4. Poluronkc origin of the Cu-sxiaf oxygen RDF

Uhe analvsas of the Co () XAES i temms of o state
poteniil descirbes adequately the sttncture and dvnaniea!
ongin of the RDE However, these XAES exgperments are
uot designed o probe the exoted vibratiomal states Conse
quently, the poteniad Ve s notexpeeted to desonbe sl
cyuate manner thess exoited vibrational levels Speaitically,
anomabies silar o those observed i the mnnchng tie
quency, a should be present in the Raman and intraed ac -
tve modes associited with the Cu O vibritions How
cver, the directuse of the potential, Vo), o caloalae the ex
pected resalts tor these spectioscopies s not adequate " I
fact, the SO cm b AL Raman active muude in YHG a6

shows i hardening near /.. while the associated S8 ¢m
infrired iwtive mode softens over the \ame wemperature e
pon Bowh of these “anomalies™ wie only - 237 contrast
10 the 0% anomaly in the unneling trequency denved from
XAFS.

We considered a Peierls-Hubbard model, represenung ¢-
axis charge transfer, inciuding both infrared active and Ra-
man vibrauons in the isolated ((4H)-Cu(D-O ) cluster. This
model alowed us to: 1) undersund the origin of the differning
hehavios of the infrared and Ramun modes, 1i) understind
the quantuanve difference between the anomady in the in-
neling frequency denved from XALES, and the anomihies in
the frequenaes of the Raman and intrared active modes, ard
i) show an underlying polaronic ocigin tor the two-site
Cu(H{X4) RDF,

‘The Hamiltonian is given by:

H;Ht’l*th“H(l—p.‘l' thi
1 1
H, = ZP,n,la + ZU".T".l
adr:l 12]
(ta)
"2"1’.0".‘.1 FClglq * e
(4]
Hop =Nogbgby + hajpbiph;y . (6b)
Hoy o - Agug Z("la =20, 4 My,
? (w)

A ruir z("\a = Pig)
«a

Hete, £,y = €40, denotes the number operator for holes ol
spin @ at site ¢; 1=1,3 indicating the lower (uppern) UG site,
and 122 the Cu( 1) site. with site encrgies ¢, hopping ampli
tude £, and on-site repulsion U, The phonon part o the
Hamiltonuin (6b) consiss of Lammonic Ranuin and ifeared
oscillators with creation operators bg* and b and bare tie
quencies @y, wp?, respecuvely, The interaction term (fw)
reflects the fact that tor added holes at the Cu(l) site the
Cu(1)-O03) attraction as strengthened, while for holes added
at the O sites the attraction s weakened, Favornng a
longer Cud1)-(X4) bond length. We note that ity model
anharmonicity is aor present in the phonon Hanulowan, bt
i enerated by sutficienty strong liaedr clectiop phonen
coupling, We assumed two holes of ditferent span, leawding to
the cluster states: ) O CacD™ OGHE by Oy
CutD™ OED?, consistent with XANES resalts, The stae
O Cuc) O s tound 1o he unportant as an mtey
mediate state 1o tunnehng, between states i) and h)

We cinned ont an exact dungonadizition ol this mended,
Tuxhing tit the coupimyg boetween ¢ axas phonons ad e
transter between Cacl) and OGH wons genctates a4 double
well tor the SES cn ' antrared awchive made, while s leuds o
acshatred single well for the gisocated Raman mode, o
sttong enough electuon phoson couphing (g 3 s esalt
i consistent with the nearly symimetne Ca( D CD RDIE-ob
tuned from the XAERS analysis, acheating that the donble
peaked RDE retlects tw degeneniie ground state tor the
tared mode " This pacture teconaites the apparent discrep
aney hetween opte al and stiscturad (XAES) obwiny anons
The madet predacts muluphonon and nonatabatic etfeor,
notcontaned in lattie e dynames calenlaions that use s

s s ona. et sle Thae cabnbaseen Lo b cen b



double-peihed CotD-Oh) RDE has a polatonie o - the
hote location tollows the Lattice distornen i the Oy -Cugl)-
O cluster.™

5. In-plane Cu-0O) anonulies in Tl-based superconductors

YBCO is an ideal system 1o study details of the Cu-((4)
RDI‘ using XAFS. due w0 the short Cu(D)-O4) bond length,
However the presence of the Cu(1)-O(1) chauns, makes it
difficult to separate the XAFS contributions from these
chains and the Cu O bonds in the (‘'uQ; planes. Conse-
quently, we have used 11-based compounds with well-char-
actenzed average crystllive structure,'™ 10 study the local
structure of the CuQ), planes,

(A)

(8)

IV, i, uall’
(arb. unile)

©

———
. uni

Um (arb. unite)

Fig ¥ Squared many body ground state wavefunction of the
) Cuch) O clusier as & functon of the Roman wug) and in-
trared £i¢g0) coondinates for Ap= 8) 0.10, b) 0.12, ¢)0.15 (1n all
vases Ag O 1Y

We hiave tosnd evidence for; i) changes in the Cu-equa-
ol oxygen bonds across 1, i) a multisite RDE tor e
Cuequaterial oxygen bosuls, amd iid) the existence of a dou-
hle peaked KDE tor the Cu-axial oxyjeo bond, m agreement
with onr tesults in other materials,

We analy zed the Cu K edge XAFS on unonented pow
ders ot THRGCuO, F, =+ 8 K) and 1 BasCaCla, Oy
(- 108 K collected at several (emperitures across then
tespective T Detuds of the analysis will be publisbied ¢lse-
where ' Here, we s ze some of the mejor results as
indhcned above

Quahtatively, the change i the local struciare ot the
Cu)y planes s actlected in the Fourier tinstoan of the
spectia. Whale, the Ca Baand Cu Cu peabs edubt the ex-
pected decteanse and browdeming with increasiig tempweta
e, the peak assoctated with the Cu-cquatonal oxygen
bomds shows o ligher and niurower profile for empeiatues
m the vicimty of 27, compared with the protile at low em
perttmes (1 D) K)o tempecatuees above £, Curve tits of

e rolated Co-equatonal ovy pen contnbution i 4 - pace
over anamow range (< k < 10 A ¥ using a wuagle-gaussun
RDE indicate a decrease w the Debye-Waller tactor tor
temperatures near 7. This ninding proves the exstence ot .1
strony coupling between the phonons assoctawed with the
Cu); planes and the superconducting clectrons,

Fits 1o the isolated Cu-equatonial oxygen contnbution in
k- space over a longer range (3 < & < 13 A1) show the inade -
quacy of a single-site RDF o fit these data. A double-
peaked RDFE leads 10 better agreement with experiment, in-

dicating a distribution of distances in the rnange

1.87 < K < 1.98 A he presence of a short Co-equatonil
oxyeen distance, R = 187 A, indicates that the equatonal
oxygen must be displaced oft-center along the Cu-Cu bowd,
leading to a short and a long ('u-O distance. A distoruon off
the Cu-0) bond in the ¢-directons is also possible (such a
distortion has been proposed by Bianconi et al. in By based
compounds! V;,

1 (o extrin hold)

Fig. 4. Propused local stucture of the Cut)s planes in high
temperature supervonductons

We propose that this distoruon is cormelated with the iwo
positions found tor the axid oxygen, and reflects the pres
ence of extra holes at seiected Cu sies leading to the strue-
ture shown in Fig. 4. We are currendy studving XAEFS on
onented 11 Ba . Cu€), powders to charactenze quanntatively
this distorion and ats correlation with axial oxygeen disun
tion,

6. Conclusionn

We have presented several XAES results that show o
coupling between the tatiice and the superconducting clee
trons i lugh-temperatore superconductors Thes coupling
mandests arselt as o change i the local stiucee of these
matersds i the vicimity of . The exastence o mualosie
RDES suggests the presence of polarons an these naetiabs
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